ABSTRACT Current command and control (C2) network models typically do not account for differences in attributes of nodes that belong to the same class; in addition, there is no provision in these models for the adequate description of operational relationships that exist between multiple combat entities with different attributes in real-world scenarios. To address these issues, we propose a method to model multilevel command and control supernetworks (MC 2 S) based on the attribute synergy prioritization and hypergraph theory. First, the characteristics of C2 supernetworks are analyzed to abstract their nodes and hyperedges, based on which, we propose the MC 2 S model, which consists of three layers and five networks. Second, the Term Frequency-Inverse Document Frequency and spatial distance algorithms are used to construct an attribute synergy prioritization-based strategy for the generation of intra-layer MC 2 S hyperedges, while the local-world (LW) selection is used to create an LW model-based method for the generation of inter-layer MC 2 S hyperedges. Through simulation experiments, we show that our model exhibits (approximately) scale-free properties as well as small-world properties, excellent cooperative engagement capabilities, and has a high level of network invulnerability. These findings will serve as a useful reference for the description of complex nodal (edge) relationships in C2 networks, network performance analyses, and deployment of complex combat mission networks.
I. INTRODUCTION
As typical multiplex networks, command and control (C2) networks have always been a hot topic in network science research. In the modern era, modes of warfare are becoming increasingly diverse; among these modes, information warfare is becoming increasingly complex and has ever increasing requirements. A toy example of a modern C2 network is shown in Fig. 1 . It can be seen that modern C2 networks are characterized by increasingly detailed divisions of labor, considerably greater level of cooperation, and highly complex information interactions [1] - [4] . Conventional C2 network models are constructed using graph theory and complex network methods [5] . However, these models can only describe
The associate editor coordinating the review of this manuscript and approving it for publication was Lin Wang. the relationships between two nodes; in particular, they do not allow for adequate representation of the complex synergistic relationships that can exist between multiple heterogeneous nodes in real-world C2 networks [6] - [9] , which significantly limits their accuracy and applicability. Thus, in this study, we propose a model that can accurately reflect the multilayer structure and synergistic relationships between multiple heterogeneous nodes. In addition, we propose complete quantitative modeling rules for the proposed model. The proposed model is of great value for further research on the dynamic characteristics, operation mechanism, evaluation, and optimization of C2 networks for theoretical and military purposes.
In this regard, as an extension of the complex network theory, supernetwork theory [10] , [11] can be used to characterize C2 networks in an effective manner because it can readily describe heterogeneous networks that contain multiple levels, multidimensional flows, and multiple attributes/criteria [12] - [14] , all of which are consistent with the characteristics of C2 networks. The modeling of supernetworks can be classified under two paradigms. The first paradigm is referred to as the ''network of networks,'' where the inter-and intra-layer relationships of a network are represented using a tiered structure. For example, the ''MULTIPLEX'' project of the European Union incorporates multilevel supernetworks in the modeling of communications networks [15] . Fang and Liu [16] , [17] are among the early researchers that investigated multilevel supernetworks; they proposed several three-layered supernetwork evolution models based on the Watts-Strogatz small-world [18] and Barabási-Albert scale-free models [19] , [20] . However, the applicability of these models to real-world problems was not clearly indicated in their studies. Zhao et al. [21] constructed a three-layer supernetwork model for weapon system-of-systems (WSoS) based on task-capability relationships, while Shi et al. [22] proposed specific procedures for network evolution in three-layer military communication supernetworks. Although the abovementioned models provide an effective description of the multilevel characteristics of C2 networks, the connections between fine-grained nodes are expressed using complex network theory, which has inherent limitations in describing multimodal relationships.
To solve this problem, many researchers have tried to incorporate the concepts of hypergraph modeling [23] , [24] into military networks. Hypergraphs are an abstraction of complex multimodal relationships that can be used to describe complex operational relationships. Wang et al. [25] proposed rules for the generation of supernetwork models with hypergraph structures based on growth and preferential attachment mechanisms, using which, Guo [26] - [28] proposed a mathematical model for scale-free supernetworks, which allows for the quantification of hyperedge evolution. Hu et al. [29] and Yang and Liu [30] used hypergraphs to describe the nodal relationships in networks based on the preferential attachment evolution mechanism, thus providing an important reference for representing cooperative multimodal relationships. Nevertheless, these studies are based on the assumption of node homogeneity. Because different systems can have considerably different characteristics, such as different node attributes and communication modes, the methods for hypergraph construction proposed in these studies and their other conclusions are not fully applicable to C2 networks. Using attribute information for the abstraction of heterogeneous nodes and information flows, Zou et al. [31] and Lan and Zhang [32] constructed an organization model for military C2 systems and a supernetwork model for C4ISR systems, respectively; these studies provided new insights into the evolutionary patterns of C2 networks, synergistic relationships, and information flows. However, the formation rules and characteristics of C2 network topologies were not explored in these studies. In terms of edge generation strategy, Pitsik et al. [33] and Xia et al. [34] , [35] considered evolution of cooperation and competition between layers in multiplex networks; Wang et al. [36] probed the evolution of cooperation in the spatial public goods game by introducing the reputation inferring mechanism. These studies provide some effective ideas for exploring the cooperative mechanism of nodes, but they were all still based on the complex network theory, and there are many differences between the network in these studies and C2 networks. Consequently, they cannot be directly applied to C2 supernetworks. Bu et al. [37] applied a valuable multi-attribute node description method in their research on attribute graph clustering, but no further research was conducted on the impact of attributes on node cooperation. Yu et al. [38] proposed a method for ranking node importance based on a multi-attribute decision-making approach, because node importance is affected by multiple factors; nevertheless, this proposed metric only reflects the importance of a node on the overall network, which is different from the importance of each node to other nodes, because each node has its own set of requirements. In this light, it may be inferred that nodal relationships tend to be oversimplified in most supernetwork models. Although some models do include the construction of hyperedge relationships, these methods simply combine all node attributes to form a combined ability parameter, which is then used in the formulation of connection strategies. This approach does not adequately express the ''heterogeneity of needs'' in actual cooperative relationships.
To address the abovementioned issues, we propose a method for the modeling of C2 supernetworks based on attribute synergy prioritization, using which, we construct the Multilevel Command and Control Supernetwork (MC 2 S) model. In addition, we design attribute synergy prioritizationbased strategies for the generation of intra-layer hyperedges in the MC 2 S model as well as local-world (LW) model-based methods to generate inter-layer MC 2 S hyperedges. Thus, our approach accounts for the differences between inter-and intra-layer hyperedge generation as well as the differences between nodes of the same class that have different attributes. 
II. MC 2 S MODEL
The operational units of a C2 network can be divided into three different types: the command, sensing, and firepower units. Each of these units will form their own unique subnets, and these subnets intertwin with one another to form a complete topological structure. As C2 networks clearly possess the traits of supernetworks, supernetwork theory was used to abstract the C2 network model proposed in this study.
A. NODE ABSTRACTION
Based on the Observe, Orient, Decide, and Act (OODA) theory of engagement, the nodes of a C2 network may be abstracted as sensing nodes, Vs; command nodes, Vc; and firepower nodes, Vf. The abstraction of a node according to supernetwork theory can be expressed as follows:
where ID(i) is the unique ordinal number of node i, T (i) is the type of node i, and Deg(i) is the level of the node (the smaller the level number, the higher the level of the node). Nodes of the same class might have different attributes because of differences in their combat requirements. In this work, the combat capability attribute vector is defined as
, where each Att n (i) element represents the attribute value of a node's n-th capability. Based on the strength of a specific capability, the range of values for these elements is [0,1]. Because the primary purpose of the command nodes is to command and control other nodes, the combat capability attribute vector of these nodes is defined as [0].
B. HYPEREDGE ABSTRACTION
A hypergraph can be represented using binary relationships in the form of E = (V , E h ), where V is the set of nodes in the hypergraph and E h is the abstraction of the relationships in the hypergraph.
Because the hyperedges in a hypergraph can be heterogeneous, the hyperedges of a C2 network are defined as a set of hyperedge structures and hyperedge types:
where ID(i) is the ordinal number of the hyperedge in the network, and
is the type of the hyperedge, and the nodal relationships that correspond to each type of hyperedge depend on the organizational characteristics of the C2 networks. These relationships are described in Table 1 . 
C. MODEL STRUCTURE
The MC 2 S model can be divided into command, sensing, and firepower subnets based on the connective relationships of the nodes; thus, this model consists of three different intra-layer networks. The core of the network is the command subnet, which forms (two) inter-layer networks with the sensingand firepower-level nodes. Consequently, this results in a crisscrossed structure with three layers and five networks, i.e., a ''network of networks.'' The structure of the MC 2 S model is shown in Fig. 2 ; this supernetwork model can be expressed as follows:
where G c = (V c , E c−c ) is the command subnet, with V c being the set of command nodes and E c−c being the set of hyperedges between the command nodes. Similarly,
The interlayer networks refer to the command-sensing and command-firepower interlayer networks. The mathematical 
III. COMPREHENSIVE METHOD FOR HYPEREDGE GENERATION BASED ON ATTRIBUTE SYNERGY PRIORITIZATION
Attribute synergy prioritization is a comprehensive strategy for edge generation in order to determine inter-node attraction and node connection; herein, the rules for intraand inter-layer hyperedge generation are based on attribute complementarity. In intra-layer networks, cooperative intralayer hyperedges are formed between firepower and sensing nodes based on their attraction to each other (as determined by attribute synergy rules) to provide the wide range of operational capabilities required by a combat mission. In inter-layer networks, inter-layer C2 relationships with LW selection characteristics are formed between command nodes and firepower/sensing nodes based on their hyperedges. This ensures efficiency of information transfer between the nodes of the intra-layer cooperative hyperedges. In summary, attribute synergy prioritization forms the basis of our proposed model.
A. ATTRIBUTE SYNERGY PRIORITIZATION-BASED STRATEGY FOR INTRA-LAYER HYPEREDGE GENERATION
The intra-layer networks of our model include the sensing subnet, firepower subnet, and command subnet. The command subnet has a strict hierarchical structure, which is consistent with a tree-like structure that is longitudinally divergent and laterally interconnected. Hence, the improved algorithm for generating tree-shaped C2 networks can be used to model the command subnet [39] . The first step involves the construction of a tree-shaped network model with n c command nodes, having a command span of K and command level of h. Using this model, cooperative edges can be constructed using the following procedure:
The command nodes in the network are selected according to their ordinal number. Because the capability of a node for cooperation increases with its level, the probability for each node to establish a cooperative edge is defined as P Attc (i) = (h − Deg(i) + 1)/h. For each command node, all non-adjacent nodes within a radius of R in command level h that satisfy Deg(i) − 1 ≤h ≤ Deg(i) + 1 are searched for and connected to the command node with a probability of P:
where d H (j) is the hyperdegree of node j and z d H (z) is the set of non-adjacent nodes within radius R. While establishing cooperative edges in sensing and firepower subnets, first, it is necessary to determine the importance of each node attribute. In this work, the TF-IDF [40] algorithm was used to weigh the attributes of the nodes, thus minimizing subjectivity-induced errors. This algorithm is originally a feature weighting algorithm for text classification; in particular, in the TF-IDF algorithm, the weight of each word increases in proportion to the frequency of its appearance in the current document and decreases in proportion to the number of documents (within the document set) that contain this word. In the command subnet, the value of a node attribute and number of nodes that possess this attribute are analogous to feature frequency and number of documents. Hence, the TD-IDF algorithm can be used to assign attribute weights in C2 networks. The feature weight of an attribute in a node, Att q (i), is given by:
where N is the total number of nodes in the subnet, n is the number of nodes that contain attribute Att q , and TF(i, Att q (i)) represents the proportion of Att q (i)'s value in the sum of all attribute values for node i.
Based on the feature weights of the attributes, we established a variant of the Euclidean spatial distance algorithm to calculate inter-nodal attraction. The attribute assignment problem in cooperative hyperedges is thus converted into a spatial distance determination problem for attribute weight vectors. The procedure for this algorithm is as follows:
Assuming that a combat sub-task always has the same probability of appearing within each unit of time, the distribution of node numbers inside a cooperative hyperedge can then be approximated as a Poisson distribution. For example, the sensing subnet is defined to initially contain n s nodes; then, p co (a probability function) is used to determine whether node i in the sensing subnet forms a cooperative hyperedge with other nodes in the subnet. p co is defined as follows:
where k is the number of nodes in a cooperative hyperedge and λ is the joint propensity adjustment parameter (which is expressed as λ s and λ f in the sensing and firepower subnets, respectively). The greater the value of λ, the easier it is for a node to form cooperative structures to satisfy the needs of a complex mission. Conversely, if λ = 0, the node is completely incapable of cooperating with other nodes, and the network will regress into an improved tree-shaped C2 network model. During selection of cooperating nodes, nodes with synergistic attributes or strong capabilities will be preferred in order to maximize the combined engagement capacity of all the nodes. The attraction factor for node i cooperating with node j, C Att (ij), is defined as follows:
where ε(t) is a unit step function. Equation (7) indicates that the attractiveness of node j to node i increases in proportion to the difference in feature weight of some attribute between node i and node j, if the feature weight of node j for this attribute is greater than that of node i; otherwise, node j is not attractive to node i. Aside from attribute complementarity, the need for a node to form cooperative relationships with other nodes will increase if a node is handling an increasing number of missions. This behavior is consistent with the characteristics of hyperdegree preferential attachment. Therefore, the probability of node i cooperating with node j is given by p ij as follows:
where n s is the set of all sensing nodes besides node i itself. In addition, if node i has to form a hyperedge with multiple nodes, the ''hyperedge spreading'' method is used to expand the hyperedge. Suppose that node i and node j form a hyperedge, and this hyperedge must form links with other nodes in the network. The hyperedge is then treated as an equivalent node whose combined operational capability, Att co is defined as follows: Equations (7) and (8) are then used to recursively select new nodes to join with the hyperedge, until the hyperedge has stopped expanding. The expansion of the hyperedge is illustrated in Fig. 3 .
B. GENERATION OF INTER-LAYER HYPEREDGES BASED ON THE LW MODEL
The inter-layer network is formed using a preferential attachment process considering the network attributes of the command nodes. First, the set of firepower nodes is initialized as StoreV f = {V f (1), V f (2), · · · V f (n f )}; similarly, the set of sensing nodes is initialized as StoreV s . If a firepower or sensing node forms a connection with a command node, it is removed from the respective set. For each instance, a firepower or sensing node will be selected with a probability of p sf or 1-p sf , respectively, to form an inter-layer connection with a command node.
The selected node is defined as V x . Preferential attachment is then performed based on node hyperdegree, and the probability of V x being connected to a command node i is given by p x (i):
where is the selectable set of control nodes. If V x is independent, is equal to the set of control nodes, V c .
To minimize the information transfer distances between the cooperating nodes and their superior command nodes, a node will prefer to form C2 relationships with the command node that is close to the superior of its cooperating nodes. If the cooperative hyperedge where the current node (V x ) is located still contains nodes that need to form inter-layer connections, the following method is used to form these connections:
Cooperating nodes are selected one after another with V x at the center. The command node that is connected to every node via V x as well as the adjoining nodes of this command node in the command subnet are selected to reconstruct a local world, : (11) where S adj is the set of nodes adjoined to the command node that is connected to V x . Equation (10) is used to select one of the nodes in to form a connection with V x . The breadth-first algorithm is then used to change a cooperating node of V x into the new V x , and the same method is used to recursively form the inter-layer connections. The modeling processes are then terminated after all the nodes have been selected.
IV. SIMULATION ANALYSIS
The C2 network of some ground army was used as an example to build a C2 network model, which was comprehensively analyzed in terms of its fundamental characteristics, parameters, capability for cooperation, and invulnerability. The simulation model consisted of a total of 671 nodes, including 121 command nodes (n c = 121), 400 firepower nodes (n f = 400), and 150 sensing nodes (n s = 150). The command span and command level of the network were K = 3 and h = 4, respectively, which is consistent with the organizational structure of the army C2 system known to us. There are three types of attributes in the sensing nodes, namely ability to gather communications intelligence, ability to gather image intelligence, and ability to gather human intelligence. Firepower nodes have four operational capability attributes, namely advancement capability, firepower neutralization capability, air defense capability, and equipment support capability.
A. ANALYSIS OF BASIC NETWORK PROPERTIES 1) ANALYSIS OF SMALL-WORLD PROPERTIES
The possession of small-world properties will ensure high levels of information transmission efficiency between the combat units of a C2 network. The average path lengths and clustering coefficients of a few classic network models (with the same network cost) are listed in Table 2 . From Table 2 , it can be seen that the MC 2 S model has a short average path length as well as a large clustering coefficient. Therefore, our proposed model possesses smallworld properties. In general, low average path lengths allow combat intelligence to quickly reach a target node, while large clustering coefficients indicate that the nodes are closely associated with each other, which increases the efficiency of command issuance and cooperative combat.
2) ANALYSIS OF HYPERDEGREE DISTRIBUTION AND CLASS-SPECIFIC HYPERDEGREE DISTRIBUTION
Hyperdegree distribution is an intuitive reflection of the organizational structure and characteristics of a C2 network. The hyperdegree distribution and class-specific hyperdegree distribution of our model are shown in Figs. 4 and 5, respectively.
From Fig. 4 , it can be seen that the hyperdegree distribution of the model approximately adheres to a power law distribution and therefore exhibits scale-free properties. However, the distribution ''droops'' at high hyperdegrees, which causes the hyperdegree distribution to deviate from the power law distribution. This is because widespread intra-layer cooperation simultaneously ensures a high level of network efficiency and low C2 load. However, this restricts the generation of nodes with considerably large hyperdegrees, causing the model to plateau at high hyperdegrees. Furthermore, from Fig. 5 , it can be seen that most of the sensing and firepower nodes have very low hyperdegrees, which indicates that these nodes will, under most circumstances, perform their missions in an independent manner. However, it should be noted that nodes with considerably high hyperdegrees (like reconnaissance satellites) are able to participate in various missions through cooperative relationships. The class-specific hyperdegree distribution of the command nodes also has high (connection) probabilities at low hyperdegrees and low probabilities at high hyperdegrees, which indicates that the C2 network has the features of a centralized command. In addition, the hyperdegree distribution of the command nodes show a significant ''uplift,'' and most of the command nodes around the peak of the uplift are Level 3 nodes, which indicates that the command nodes on the base level need to be connected to a large number of sensing and firepower nodes to direct battles and receive real-time information about a battle. Thus, this structure helps to divide the load of high-level command nodes and improve battle command efficiency. Therefore, our model is reasonable and rational.
B. PARAMETER ANALYSIS
In this subsection, we discuss the manner in which the joint propensity adjustment parameter affects the combat efficiency of the simulated C2 network. However, because of the heterogeneity of nodal relationships, it is not possible to conduct an effective assessment of combat efficiency using common complex network and supernetwork metrics like network efficiency and betweenness. Thus, to address this issue, we introduced the concept of combat superlink efficiency.
1) MISSION SUPERLINK EFFICIENCY
Here, we extend the definition of mission links [41] to supernetworks in order to establish the concept of mission superlinks and mission superlink efficiency for supernetworks:
Definition 1: A mission link in a supernetwork is defined as the shortest chain of inter-layer hyperedges between sensing nodes and firepower nodes.
In general, the focus of real-world network assessments is the overall combat capability of a network, E a . This metric can be expressed using normalized value of the total number of mission superlinks in a network and the average efficiency of these mission superlinks:
where l S i F j is the length of the mission link, S i is the i-th sensing node, F j is the j-th firepower node, and n s and n f are the sensing and firepower node sets, respectively, of the C2 network. 
2) EVALUATION OF JOINT PROPENSITY ADJUSTMENT PARAMETER
The dependence of a network's overall combat capability on the joint propensity adjustment parameters of the sensing and firepower subnets (i.e., λ s and λ f , respectively) is shown in Fig. 6 . In this figure, it can be seen that E a is positively correlated with λ s and λ f , and the contributions of these parameters to combat capability are virtually identical and the influences of λ s and λ f , are similar; this indicates that an increase in the number of cooperating edges will effectively increase the combat capability of the network. In addition, the improvements in combat capability because of increases in λ s and λ f are most pronounced when the values of λ s and λ f are small. The cost of network construction is also an important factor to consider in the development of C2 networks. In this work, linkage costs were used to illustrate network construction costs by using a constant number of nodes in the network. The linkage cost algorithm in [42] was used to calculate the distribution of network connection costs for our model, C; this distribution is shown in Fig. 7 . From Fig. 7 , it can be observed that network cost increases linearly with λ s and λ f . Furthermore, based on Fig. 6 , the influence of λ f on network cost is more obvious. It can be deduced that it is cheaper to increase the network's combat capability by improving the level of cooperation in sensing nodes than by improving the level of cooperation in firepower nodes. Therefore, it is important to increase the level of interconnection in the sensing subnet during the construction of real-world C2 networks.
Because the construction of C2 networks is a multiattribute decision-making problem that is constrained by various factors, it is necessary to holistically consider mission difficulty, network cost, and network performance during the configuration of a C2 network's parameters. In particular, by limiting network costs to twice the initial network cost, optimal λ s and λ f values for maximizing the network's combat capability were obtained as 1.98 and 0.33, respectively, which can be seen in Fig. 6 . These values were then used to evaluate the MC 2 S model; this is discussed in the following subsections.
C. CEC AND NETWORK INVULNERABILITY
To analyze the strengths and weaknesses of the proposed MC 2 S model in further detail, the CEC and invulnerability of the model were compared to other models with the same number of levels, nodes, and node classes in each model; these models have been listed in Table 3 .
1) COOPERATIVE ENGAGEMENT CAPABILITY
Because C2 networks are intended for use in combat missions, communication efficiency between the nodes participating in a mission is an important metric for determining the CEC of a C2 network. Here, we propose the combined cooperative combat pathlength (CP) as an indicator of CEC in supernetwork models that contain nodes with different classes and attributes.
Definition 2: In any mission that requires a specific set of node classes, the CP of this set is the sum of the shortest pathlengths between two arbitrary nodes divided by the maximum number of links between the nodes of this set.
Based on this definition, the equation for calculating CP is as follows:
where v represents the nodes selected by the cooperative combat structure, n 0 is the number of selected nodes, and l ij is the shortest pathlength between node i and node j in the set. Fig. 8 shows the simulated distribution of CPs between sensing nodes with two attribute types in a simple joint reconnaissance mission. Fig. 9 shows the simulated CP distribution of a complex mission that involves two firepower node attributes as well as two sensing node attributes. The average CPs of models are listed in Table 4 . From the figures and Table 4 , it is clear that the CPs of the MC 2 S model are generally short because of the use of attribute synergy prioritization in its matching mechanism. Therefore, the information transmission efficiency of our model is significantly higher than that of other models. Furthermore, this advantage is most pronounced in simple missions. Thus, the characteristics of the MC 2 S model are suitable for the formation of efficient and stable cooperative structures in nodes with different attributes during the execution of certain combat missions. In this manner, the combat capability of the network becomes greater than that of the individual nodes.
2) NETWORK INVULNERABILITY
Network invulnerability indicates the ability of a C2 network to maintain connectivity when it is under attack. A battle involving a C2 network can be simulated by removing nodes one after another. In this simulation, random attacks and hyper-selective attacks were performed on the nodes. The results of the simulation are shown in Figs. 10 and 11 . From these figures, it can be seen that in all C2 network models, network performance decreases slowly in the presence of random attacks; however, in contrast, it degrades rapidly when selective attacks are made. Thus, these C2 network models are robust against random attacks, but weak against selective attacks. Because these network models have significant preferential attachment properties, there are a small number of nodes that play pivotal roles in these networks, and the removal of these nodes by selective attacks can have a significant impact on the C2 network. Nevertheless, the MC 2 S model maintains the highest overall level of combat capability in both scenarios and therefore has an excellent degree of invulnerability. This observation and superiority of the MC 2 S model in terms of CEC provide ample evidence that our proposed model is rational. Furthermore, although the improved tree-shaped C2 network model has the best network performance in the initial state, its performance decreases most rapidly when it is subjected to attacks compared with other models. Hence, the appropriate addition of connections between firepower or sensing nodes in a C2 network will help to prevent the isolation of key nodes when the network has sustained damage, ensuring that mission links of the network remain intact during battle, thus improving the network's ability to sustain combat.
V. CONCLUSIONS
Based on the supernetwork theory and attribute synergy prioritization, we proposed a model for C2 supernetwork construction, consisting of three layers and five networks. Our proposed model allows for the description of operational relationships between multiple nodes, the lack of which, is a weakness of current quantitative network models. The results of our simulation experiments proved that the proposed MC 2 S model possesses small-world properties, (approximately) scale-free properties of supernetworks, and a high level of network invulnerability. In addition, hyperedge connection based on attribute synergy prioritization in our model considerably improved the CEC of the network. In summary, our model is an effective reference for the description of heterogeneous nodal (edge) relationships in C2 networks, network performance analyses, and deployment of complex combat mission networks, especially in the context of the Integrated Joint Operations doctrine.
However, the intra-layer and inter-layer edges considered in this study are static, and more dynamic network evolution processes like deletion and reconstitution are not reflected in the model. Thus, our current work only represents the first step in C2 network model research. In order to further improve the model, more factors such as the representation of dynamic superedges, influence of network size on the superedge scale, cooperative game behavior between superedges, and game between superedges will be considered in future works.
